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Abstrat
The naive time reversal odd (T-odd) parton distribution h⊥1 , the so-alled Boer-
Mulders funtion, for both up (u) and down (d) quarks is onsidered in the diquark
spetator model. While the results of dierent artiles in the literature suggest that the
signs of the Boer-Mulders funtion in semi-inlusive DIS for both avors u and d are the
same and negative, a previous alulation in the diquark-spetator model found that h
⊥(u)
1
and h
⊥(d)
1 have dierent signs. The avor dependene is of signiane for the analysis of
the azimuthal cos(2φ) asymmetries in unpolarized SIDIS and DY-proesses, as well as for
the overall physial understanding of the distribution of transversely polarized quarks in
unpolarized nuleons. We nd substantial dierenes with previous work. In partiular
we obtain half and rst moments of Boer-Mulders funtion that are negative over the full
range in Bjorken x for both the u- and d- quarks. In onjuntion with the Collins funtion
we then predit the cos(2φ) azimuthal asymmetry for π+ and π− in this framework. We
also nd that the Sivers u- and d- quark are negative and positive respetively. As a by-
produt of the formalism, we alulate the hiral-odd but T-even funtion h⊥1L, whih
allows us to present a predition for the single spin asymmetry A
sin(2φ)
UL for a longitudinally
polarized target in SIDIS.
1 Introdution
Naive time reversal-odd (T-odd) transverse momentum dependent (TMD) parton distribu-
tions (PDFs) have gained onsiderable attention in reent years. Theoretially it is expeted
that they an aount for non-trivial transverse spin and momentum orrelations suh as single
spin asymmetries (SSA) in hard sattering proesses when transverse momentum sales are
on the order of intrinsi transverse momentum of quarks in hadron, namely PT ∼ k⊥ ≪
√
Q2.
Experiments are being performed [1, 2, 3℄ and proposed [4, 5℄ to test these hypotheses by
measuring transverse SSAs (TSSAs) and azimuthal asymmetries (AAs) in hard sattering
proesses suh as semi-inlusive DIS (SIDIS) or the Drell-Yan proess (DY). A prominent
example of suh a T-odd PDF is the Sivers funtion f⊥1T [6, 7℄ whih explains the observed
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SSA in SIDIS for a transversely polarized proton target by the HERMES ollaboration [1℄.
It orrelates the intrinsi quark transverse momentum and the transverse nuleon spin. The
orresponding SSA on a deuteron target measured by COMPASS [2℄ vanishes, indiating a
avor dependene of the Sivers funtion.
Another leading twist T-odd parton distribution, introdued in [8℄, orrelates the trans-
verse spin of a quark with its transverse momentum within the nuleon, the so alled the
Boer-Mulders funtion h⊥1 . It desribes the distribution of transversely polarized quarks in an
unpolarized nuleon.
Theoretially, twist two T-odd PDFs are of partiular interest as they formally emerge
from the gauge link struture of the olor gauge invariant denition of the quark-gluon-quark
orrelation funtion [9, 10, 11℄. This gauge link not only ensures a olor gauge invariant
denition of orrelation funtions, but it also desribes nal state interations [12℄ and initial
state interations [13℄ whih are neessary to generate SSA [12, 14, 11℄. Assuming fatorization
of leading twist SIDIS spin observables in terms of the T-even[15℄ and T-odd TMD PDFs
and fragmentation funtions (FFs), Ref. [8℄ shows how spin observables in SIDIS an be
expressed in terms of onvolutions of these funtions. Formal proofs of fatorization of leading
twist SIDIS spin observables were presented later in Refs. [16, 17, 18℄.
Apart from the leading twist transverse SSA, measurements were also performed in SIDIS
on sub-leading SSA (i.e. they are suppressed like 1/Q, where Q is the virtuality of the ex-
hanged photon). In partiular, the asymmetry for a longitudinally polarized target was
measured by HERMES [19, 20, 21, 22℄, whereas a non-vanishing beam-spin asymmetry was
reported by CLAS [23, 24℄. It was shown that nal state interations ontribute also to these
types of single-spin asymmetries [25, 26, 27, 28℄. Subsequently, this eet was desribed by
the introdution of heretofore unknown sub-leading twist T-odd PDFs [29℄; a omplete list
of these PDFs was presented in Ref. [30℄. These sub-leading twist T-odd PDFs disovered
in this work were then inorporated into the tree-level formalism [31℄ ompleting the original
work of [15℄.
In this paper we fous on the avor dependene of the leading twist-2 T-odd parton
distributions in semi-inlusive DIS, i.e. Boer-Mulders funtion h⊥1 , whih is also hirally odd,
and the Sivers funtion f⊥1T (keeping in mind that "T-odd" parton distributions in the Drell-
Yan proess ip their sign [9℄). The Boer-Mulders funtion is partiularly important for the
analysis of the azimuthal cos(2φ) asymmetry in unpolarized SIDIS and Drell-Yan. While in a
partoni piture of the unpolarized cos(2φ) asymmetry in SIDIS, the Boer-Mulders funtion
is onvoluted with the T-odd (and hiral-odd) Collins fragmentation funtion H⊥1 [32℄, the
orresponding cos(2φ) asymmetry in DY inludes a onvolution of the type h⊥1 ⊗h¯⊥1 [33℄ (where
h¯⊥1 is the Boer-Mulders funtion for anti-quarks). Although these azimuthal asymmetries
were measured in SIDIS by the ZEUS ollaboration [34, 35℄ and in DY [36, 37, 38℄, little
is known about the Boer-Mulders funtion. Of partiular interest is the sign for dierent
avors u and d sine this signiantly aets preditions for these asymmetries (see Ref.
[39℄). The avor dependene of h⊥1 was studied in the MIT-bag model [40℄ as well as in a
spetator diquark model [41℄, and a large Nc analysis of TMDs was performed in Ref. [42℄.
Model alulations of hirally odd generalized parton distributions (GPDs) [43℄ and a study
of generalized form fators in lattie QCD [44℄ give indiations about the avor dependene
of h⊥1 by means of non-rigorous and model-dependent relations between GPDs and transverse
momentum dependent PDFs whih were proposed and disussed in Refs. [45, 46, 47℄. All of
these theoretial and phenomenologial treatments suggest an equal (and negative) sign for
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the Boer-Mulders funtion for both u- and d-quarks, with the exeption of the alulation
in the diquark spetator model whih results in opposite signs for u and d. The purpose of
this paper is to onsider the avor dependene of h⊥1 and extend our earlier work on this
subjet [48, 49℄. Additionally, we onsider the avor dependene of the T-even funtion, h⊥1L
whih is also of interest in exploring the transverse momentum and quark spin orrelations in
a longitudinally polarized target [50℄.
2 T-Odd PDFs in the Spetator Model
Transverse momentum quark distribution and fragmentation funtions ontain essential non-
perturbative information about the partoni struture of hadrons. Pratially speaking their
moments are alulable from rst priniples in lattie QCD. A great deal of understanding
has also been gained from model alulations using the spetator framework. In addition
to exploring the kinematis and pole struture of the TMDs [51, 52, 18℄ phenomenologial
estimates for parton distributions [53℄ and fragmentation funtions [54℄ for T-even PDFs
and for T-odd PDFs [12, 14, 48, 49, 13, 41, 55, 28, 47℄ have been performed. We extend
these studies to explore the avor dependene of the T-odd pdfs adopting the fatorized
approah used in Refs. [54, 53, 49℄.
We start (f. [53℄) from the denition of the fully-unintegrated, olor gauge invariant,
quark-quark orrelator
Φij(p;P, S) =
∑
X
∫
d4ξ
(2π)4
eip·ξ〈P, S| ψ¯j(0)W[0 |∞, 0,~0T ] |X〉〈X|W[∞, ξ+ , ~ξT | ξ]ψi(ξ) |P, S〉,
(1)
where the gauge link indiated by the (straight) Wilson line is given by
W[a | b] = P exp
{
−ig
∫ b
a
dsµ Aµ(s)
}
. (2)
In an arbitrary gauge there is a Wilson line at light one innity pointing in transverse dire-
tions [10, 11℄. Here, we work in Feynman gauge where the transverse Wilson line vanishes [10℄.
In the denition (1) we insert a omplete set of intermediate states 1 =
∑
x |X〉〈X|. In the
diquark model the sum over a omplete set of intermediate on-shell states |X〉 is represented
by a single one-partile diquark state | dq; pdq, λ〉, where pdq is the diquark momentum and λ
its polarization. Sine the diquark is built from two valene quark it an be a spin 0 partile
(salar diquark) or a spin 1 partile (axial-vetor diquark). By applying a translation on the
seond matrix element in Eq. (1) we an integrate out ξ, perform the momentum integration
over the diquark momentum pdq, and obtain
Φij(p;P, S) =
∑
λ
δ((P − p)2 −m2s)Θ(P 0 − p0)
(2π)3
〈P, S| ψ¯j(0)W[0 |∞, 0,~0T ] | dq; P − p, λ〉 ×
〈 dq; P − p, λ|W[∞, 0,~0T | 0]ψi(0) |P, S〉. (3)
The essene of the diquark spetator model is to alulate the matrix elements in Eq. (3) by
the introdution of eetive nuleon-diquark-quark verties.
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Figure 1: Dierent verties for the axial-vetor diquark. Left Panel: Nuleon-diquark-quark vertex.
Right Panel: Diquark-gluon vertex.
For T-even parton distributions suh as the unpolarized PDF f1 one obtains a non-
vanishing result at leading order (in the nuleon-diquark-quark oupling) with a trivial on-
tribution from the Wilson line, i.e. at tree level. In this ase the matrix element 〈dq|ψ|P 〉 is
depited in the Left Panel of Fig. 1. For a salar and an axial-vetor diquark dierent ver-
ties have to be hosen. The most general nuleon-diquark-quark verties for o-shell partiles
were presented in Ref. [56℄. For the matrix elements 〈dq|ψ|P 〉, the nuleon is on-shell whih
redues the amount of strutures of the verties of Ref. [56℄. In the following we work with
the nuleon-diquark-quark verties whih were used in Ref. [53℄ to ompute T-even PDFs.
They read for a salar and an axial-vetor diquark
Υs(N) = gsc(p
2) ; Υµax(N) =
gax(p
2)√
3
γ5
[
γµ −RgP
µ
M
]
. (4)
g(p2) are form fators depending on the quark momentum p. They are introdued to yield a
more realisti desription of the non-perturbative nature of the quark-quark orrelator, and
are speied below. Rg is a ratio of oupling onstants, sine both strutures in the nuleon-
(axial-vetor) diquark-quark oupling an in priniple have dierent ouplings.
To leading order, the matrix elements are given by the following expressions for a salar
and axial vetor diquark,
〈sdq; P − p|ψi(0) |P, S〉 = igsc(p2)
[(/p+mq)u(P, S)]i
p2 −m2q + i0
, (5)
〈adq; P − p;λ|ψi(0) |P, S〉 = igax(p
2)√
3
ε∗µ(P − p;λ)
[
(/p +mq)γ5
[
γµ −Rg PµM
]
u(P, S)
]
i
p2 −m2q + i0
,
(6)
where the polarization vetor of the axial-vetor diquark is given by εµ, u(P, S) denotes the
nuleon spinor, and M and mq are nuleon and quark masses, respetively. In this paper we
onsider the diquark as a partile with mass ms, and the polarization sum for the axial-vetor
diquark is ∑
λ
ε∗µ(P − p;λ)εν(P − p;λ) = −gµν +
(P − p)µ(P − p)ν
m2s
. (7)
The unpolarized TMD f1 is obtained by inserting Eqs. (5) and (6) into Eq. (3) and projeting
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f1 from the quark-quark orrelator (see e.g. [30, 31℄)
2f1(x, ~p
2
T ) =
1
2
∫
dp−
(
Tr
[
γ+Φ(p;P, S)
]
+Tr
[
γ+Φ(p;P,−S)]) ∣∣∣∣
p+=xP+
, (8)
where the + sign of the γ-matrix denotes the usual light one omponent (a± = 1/
√
2(a0 ±
a3)). The results for f1 in the salar and axial vetor diquark setors read
f sc1 (x, ~p
2
T ) =
1
2(2π)3
|gsc(p2)|2 (1− x)[
~p2T + m˜
2
]2 [~p2T + (xM +mq)2] , (9)
fax1 (x, ~p
2
T ) =
1
6(2π)3
|gax(p2)|2
M2m2s(1− x)
[
~p2T + m˜
2
]2Rax1 (x, ~p2T ;Rg, {M}) , (10)
where m˜2 ≡ xm2s − x(1−x)M2+ (1−x)m2q . To shorten the notation we introdue a funtion
Rax1 depending on x and ~pT , and the model parameters Rg and the set of masses, i.e. {M} ≡
{M, ms, mq}, to be xed below.
Another T-even funtion of interest is the distribution of transversely polarized quarks
in a longitudinally polarized target,
2λP p
i
Th
⊥
1L(x, ~p
2
T ) =
M
2
∫
dp−
{
Tr
[
γ+γiγ5Φ(p;P, SL)
]− Tr [γ+γiγ5Φ(p;P,−SL)]} , (11)
where λP is the target heliity, and SL is the spin 4-vetor in longitudinal diretion, i.e.
SL =
[
−λPM P−, λPM P+,~0T
]
. By applying the same methods as for f1, we obtain
h⊥,sc1L (x, ~p
2
T ) = −
|gsc(p2)|2
(2π)3
(1− x)M(xM +mq)[
~p2T + m˜
2
]2 , (12)
h⊥,ax1L (x, ~p
2
T ) =
|gax(p2)|2
12(2π)3
1[
~p2T + m˜
2
]2
Mm2s(1− x)
R⊥,ax1L
(
x, ~p2T ;Rg, {M}
)
, (13)
where for brevity Rax1 and R⊥,ax1L are given in Appendix C.
By ontrast, T-odd PDFs annot be generated by simply onsidering the tree-level di-
agram in the Left Panel of Fig. 1. In the spetator framework the T-odd PDFs [12℄ are
generated by the gauge link in Eq. (1) [14, 48, 49, 13℄. Thus, the leading ontribution an be
obtained by expanding the exponential of the gauge link up to rst order. This ontribution
results in a box diagram as shown in the Left Panel of Fig. 2, whih ontains an imaginary
part neessary for T-odds. We restrit ourselves to the ase where one gluon models the nal
state interations. The ontribution of the gauge link is represented in the Left Panel of Fig. 2
by the double (eikonal) line and the eikonal vertex yielding a ontribution to the box diagram
i
[l · v + i0] × (−ieqv
λ), (14)
where l is the loop momentum, eq the harge of the quark and v is a light one vetor represent-
ing the diretion of the Wilson line. In order to evaluate the box diagram we need to speify
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the gluon-diquark oupling. With an one-gluon exhange approximation in mind we use the
gluon-diquark oupling for a salar diquark, and for an axial-vetor diquark we use a general
axial-vetor-vetor that models the omposite nature of the diquark through an anomalous
magneti moment κ [57℄. In the notations of Fig. 1 (Right Panel) the gluon-diquark verties
read
Γµs = −iedq(p1 + p2)µ, (15)
Γµν1ν2ax = −iedq [gν1ν2(p1 + p2)µ + (1 + κ) (gµν2(p2 + q)ν1 + gµν1(p1 − q)ν2)] . (16)
For κ = −2 the vertex Γax redues to the standard γWW -vertex. We an now express the
matrix elements inluding the gauge link in the one gluon approximation in the following way
〈sdq; P − p|W[∞, 0,~0T | 0]ψi(0) |P, S〉
∣∣∣
1−gl
= −ieqedq
∫
d4l
(2π)4
gsc((l + p)
2)Dsc(P − p− l) [(/p + l/+mq)u(P, S)]i v · (2P − 2p− l)
[l · v + i0] [l2 + i0] [(l + p)2 −m2q + i0] ,
(17)
〈adq; P − p, λ|W[∞, 0,~0T | 0]ψi(0) |P, S〉
∣∣∣
1−gl
= −ieqedq
∫
d4l
(2π)4
gax
(
(p+ l)2
)
√
3
ε∗σ(P − p, λ)Daxρη (P − p− l)×
[gσρ v · (2P − 2p− l) + (1 + κ) (vσ (P − p+ l)ρ + vρ (P − p− 2l)σ)]
[l · v + i0] [l2 + i0] [(l + p)2 −m2q + i0] ×[
(/p+ l/+mq) γ5
(
γη −RgP
η
M
)
u(P, S)
]
i
, (18)
where the subsript, 1− gl denotes one gluon exhange. In these expressions D denotes the
propagator of the salar and axial-vetor diquark,
Dsc(P − p− l) = i
[(P − p− l)2 −m2s + i0]
, (19)
Daxµν(P − p− l) =
−i
(
gµν − (P−p−l)µ(P−p−l)νm2s
)
[(P − p− l)2 −m2s + i0]
. (20)
The term
(P−p−l)µ(P−p−l)ν
m2s
is a ruial dierene of our approah ompared to the alulation
in Ref. [41℄, where the dependene on the proton and spetator momenta inside loop integral
is absent. It is shown below that this leads to various ompliations when performing the
loop-integral.
In the similar fashion as for f1 and h
⊥
1L, we extrat the Boer-Mulders funtion by inserting
Eqs. (17) and (18) (and the tree-matrix elements (5) and (6), i.e. the leading non-trivial
perturbative ontribution is the interferene term between tree-graph and box-graph) into the
quark-quark orrelator (3)
2ǫijT p
j
Th
⊥
1 (x, ~p
2
T ) =
M
2
∫
dp−
(
Tr
[
Φunpol(p, S)iσ
i+γ5
]
+Tr
[
Φunpol(p,−S)iσi+γ5
]) ∣∣∣∣
p+=xP+
,
(21)
where ǫijT ≡ ǫ−+ij and ǫ0123 = +1.
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Figure 2: Contribution of the gauge link in the one-gluon approximation. Left Panel: Box-graph.
Right Panel: Box-graph hermitian onjugated.
3 Boer-Mulders funtion for an axial-vetor diquark
We proeed with alulating the Boer-Mulders funtion in the axial-vetor diquark setor. As
desribed above, the interferene term between tree- and box graph reads
ǫijT p
j
Th
⊥,ax
1 (x, ~p
2
T ) = −
eqedq
8(2π)3
1
~p2T + m˜
2
M
P+
∫
d4l
(2π)4
{
1
3
gax
(
(l + p)2
)
g∗ax
(
p2
)×
Dρη(P − p− l)
(∑
λ
ε∗σ(P − p;λ)εµ(P − p;λ)
)
×
[gσρ v · (2P − 2p− l) + (1 + κ) (vσ (P − p+ l)ρ + vρ (P − p− 2l)σ)]
[l · v + i0] [l2 − λ2 + i0] [(l + p)2 −m2q + i0] ×
Tr
[
(/P +M)
(
γµ −RgP
µ
M
)
(/p−mq) γ+γi × ( l/+ /p+mq)
(
γη +Rg
P η
M
)
γ5
]}
+ h.c. .
(22)
The momentum of the quark, p is speied by
p =
[
p− = −~p
2
T +m
2
s − (1− x)M2
2(1 − x)P+ , p
+ = xP+, ~pT
]
. (23)
3.1 Light one integration
Here we omment on the evaluation of the four-dimensional loop integral in Eq. 22. A onve-
nient way to simplify the alulation is to sort the numerator in terms of loop momenta and
onsider eah term separately. Sine the numerator in Eq. (22) ontains at most the loop
momentum to the power of four we an write it in the following way
numerator =
4∑
i=1
N (i)α1...αil
α1 ...lαi +N (0). (24)
The (real) oeients (tensors) N
(i)
α1...αi depend only on external momenta P (nuleon mo-
mentum) and p (quark momentum) and an be omputed in a straight-forward but tedious
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alulation. We used the Mathematia-pakage TRACER [58℄ for this deomposition (24).
The advantage of this proedure is that we are left with an arbitrary integral of the form
J (i)α1α2...αi ≡
∫
d4l
(2π)4
1
3gax((l + p)
2)g∗ax(p
2)lα1 lα2 ...lαi
[l · v + i0] [l2 − λ2 + i0] [(l + p− P )2 −m2s + i0]
[
(l + p)2 −m2q + i0
] ,
(25)
and the light one omponents of the loop momentum, l+ and l−, an be integrated out easily.
We sketh the light one integration. First, we speify the vetor v to be a light one
vetor v = [v− = 1, v+ = 0, ~vT = 0] representing the Wilson line. Thus, the produt l · v
redues to l+ and doesn't ontribute to the l− integration. Next, we perform the integral over
l− via ontour integration and enounter three poles in the l−-plane from the last three terms
in the denominator in Eq. (25). The integral is non-vanishing when −xP+ < l+ < (1−x)P+,
otherwise all poles are loated in the same omplex l− half-plane. For −xP+ < l+ < (1−x)P+
the third fator in the denominator in Eq. (25) has always a positive imaginary part while
the forth fator has always a negative one. The imaginary part of the seond fator beomes
positive for l+ < 0 and negative for l+ > 0. We lose the ontour of integration in the upper
half-plane whih exludes the forth fator in the denominator, and the seond for l+ > 0.
Thus, we obtain
J (i)α1...αi =
1
3
i
∫
d2~lT
(2π)2
∫ (1−x)P+
−xP+
dl+
2π
1
[l+ + i0]
× (26)
1[
2l+
(
2(l+ − (1− x)P+)(P− − p−) + [(~lT + ~pT )2 +m2s]
)
− 2(l+ − (1− x)P+)[~l2T + λ2]
] ×
{ [2(l+ − (1 − x)P+)] [gax((l + p)2)g∗ax(p2)(lα1 ...lαi)]
∣∣∣∣
l−=P−−p−+
(~lT+~pT )
2+m2s
2(l+−(1−x)P+)[
2(l+ − (1− x)P+)
(
2(l+ + xP+)P− − [(~lT + ~pT )2 +m2q]
)
+ 2(l+ + xP+)[(~lT + ~pT )2 +m2s]
]
−
[2l+] Θ(−l+) [gax((l + p)2)g∗ax(p2)(lα1 ...lαi)]
∣∣∣∣
l−=
~l2
T
+λ2
2l+[
2l+
(
2(l+ + xP+)p− − [(~lT + ~pT )2 +m2q]
)
+ 2(l+ + xP+)[~l2T + λ
2]
]}.
We alulate the l+-integral by adding the omplex onjugated integral (stemming from the
omplex onjugated interferene graph). Sine l++i0 is the only propagator remaining with an
imaginary part, adding the omplex onjugated integral results into a δ-funtion ontribution
via the relation
1
l+ + i0
− 1
l+ − i0 = −2πiδ(l
+). (27)
We obtain
J (i)α1...αi +
(
J (i)α1...αi
)∗
(28)
=
1
3
∫
d2~lT
(2π)2
{ (−1) (gax((l + p)2)g∗ax(p2) [lα1 ...lαi ])
∣∣∣∣
l−=
~p2
T
−(~lT+~pT )
2
2(1−x)P+
, l+=0
2P+
[
~l2T + λ
2
] [
(~lT + ~pT )2 + m˜2
]
−
∫ (1−x)P+
−xP+
dl+
[
[
l+
xP+
]
Θ(−l+)δ(l+) (gax((l + p)2)g∗ax(p2) [lα1 ...lαi ])
∣∣∣∣
l−=
~l2
T
+λ2
2l+[
2(1 − x)P+[~l2T + λ2]
] [
~l2T + λ
2
] ]}.
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At this point we are fored to speify the form fator gax sine the seond integral in
Eq. (28) is potentially ill-dened. This happens when g(p2) is a holomorphi funtion in
p2 (i.e. it ontains no poles) and at least one of the Minkowski indies is light-like in the
minus diretion, e.g. α1 = −, α2, ..., αi ∈ {+,⊥}. In suh ases we end up with an integral
of the form
∫
dl+ δ(l+)Θ(−l+), whih is ill-dened. This implies that l+ = 0 and l− = ∞
whih signals the existene of a light one divergene as was shown in Ref. [55℄. While for a
salar diquark one doesn't enounter a Minkowski-index, αj = −, for twist-2 T-odd PDFs
suh as the Boer-Mulders funtion (so that there are no light one divergenes in this ase),
it was shown in Ref. [55℄ that for twist-3 T-odd PDFs light one divergenes exist for a
salar diquark. However, alulating the oeients N
(i)
α1...αi in Eq. (24) for an axial-vetor
diquark, one of the Minkowski-indies an be a minus (i.e. αj = −). Thus, for an axial-
vetor diquark we enounter a light one divergene already for twist-2 T-odd PDFs. Here it
is worth mentioning that suh divergenes do not arise in a pQCD-quark-target model where
the spetator state is a gluon [59℄.
From the standpoint of phenomenology one an regard these light one divergenes as
model artifats (for the axial-vetor diquark model). It was shown in Ref. [55℄ how to regularize
these light one divergenes by introduing non-light-like Wilson line. It was pointed out that
one an also handle the light one divergenes by introduing phenomenologial form fators
with additional poles. Like the quark propagator in Eq. (22) they introdue additional fators
of l+ in the numerator of the seond term in Eq. (28). We adopt this proedure to model the
Boer-Mulders funtion and hoose a form fator of the following form
gax(p
2) = Nn−1ax
(p2 −m2q)f(p2)
[p2 − Λ2 + i0]n , (29)
and nd that for n ≥ 3 (for n ≥ 2 is already suient for κ = −2 ) enough powers of l+ enter
the numerator of the seond term in Eq. (28) to ompensate the minus omponents l−. The
seond term then vanishes sine
∫
dl+ l+nδ(l+)Θ(−l+) = 0 for n ≥ 1. In Eq. (29) f(p2) is
then a funtion without poles to be xed below, while Λ is an arbitrary mass sale to be xed
by phenomenology (i.e. tting f1 to data). Nax is a normalization fator.
After performing the light one integrations we are then left with the remaining integral
over the transverse loop momentum (for n = 3)
ǫijT p
j
Th
⊥,ax
1 (x, ~p
2
T ) = −
eqedq
8(2π)3
N4ax
1
3
(1− x)3f(p2)[
~p2T + m˜
2
Λ
]3
m4s
×
∫
d2~lT
(2π)2
f∗((p + l)2)[
~l2T + λ
2
] [
(~lT + ~pT )2 + m˜2Λ
]3 ×
{
ǫijT p
j
T
[
(~l2T )
2Ap + 2(~lT · ~pT )~l2TBp +~l2TCp + 2(~lT · ~pT )Dp + Ep
]
+
ǫijT l
j
T
[
(~l2T )
2Al + 2(~lT · ~pT )~l2TBl +~l2TCl + 2(~lT · ~pT )Dl + El
]
+ǫrsT l
r
T p
s
T
[
(Alp~l
2
T + 2
~lT · ~pTBlp)(liT + piT ) + Elp(liT + 2piT )
]}
, (30)
where the oeients whih are funtions of x,M,mq, p
2
T , κ and Rg are given in the Appendix
A. m˜2Λ replaes m˜
2
by m˜2Λ = xm
2
s−x(1−x)M2+(1−x)Λ2. We point out that the vanishing of
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the oeient Ep ensures that no IR-divergene appears in the transverse integral (30). This
serves as an important hek of the alulation.
3.2 Transverse integral
The transverse integral (30) an be alulated in a straightforward manner. We note that
the transverse integral (30) is UV-divergent if we hose f(p2) = 1. This an be seen from
naive power ounting of the integrand. The UV-divergene stems from the term
~l4T , whih in
turn is a onsequene of the fat that we took the full numerator of the axial-vetor diquark
propagator into aount, in ontrast to Ref. [41℄ where no UV-divergenes were reported. We
regularize it by hoosing f(p2) to be a ovariant Gaussian,
f((l + p)2) = e−b|l+p|
2
, (31)
where b is interpreted as the the regulator of the high l integration. Due to the pole ontribution
l+ = 0, the Gaussian has no eet on the light one integration. Thus we an write the squared
produts of the momenta l+p and p  after performing the light one integration  as follows,
(l + p)2 = −(
~lT + ~pT )
2 + xm2s − x(1− x)M2
1− x , (32)
p2 = −~p
2
T + xm
2
s − x(1− x)M2
1− x . (33)
Now all that remains is to perform the
~lT integration. After a shift of the integration variable
from
~lT → ~lT + ~pT it is onvenient to use polar oordinates to alulate the integral, and
perform the angular integration rst. For this we hoose a oordinate system in suh a way
that the x-axis is along ~pT , suh that ~pT = |~pT |(1, 0). The integration is performed with
respet to that diretion, i.e.
~lT = |~lT |(cosφ, sinφ). Having xed the oordinate system in
suh a way, the hanging index i an only be 2. We perform now the angular integration over
φ by means of the formula
∫ π
0
cos(nx)dx
1 + a cos(x)
=
π√
1− a2
(√
1− a2 − 1
a
)n
, a2 < 1, n ≥ 0. (34)
We are left with the remaining one-dimensional integrals (
√
z ≡ l)
h⊥,ax1 (x, ~p
2
T ) = −
eqedq
48(2π)4
N4ax
(1− x)3e−b˜(~p2T+2xm2s−2x(1−x)M2)
m4s
[
~p2T + m˜
2
Λ
]3 ×(∫ ∞
0
e−b˜z dz[
z + m˜2Λ
]3 [z(Ap − 2Al +Bl) + ~p2T (Ap −Al − 2(Bp −Bl)) + Cp − Cl]
+
∫ ~p2T
0
e−b˜z dz[
z + m˜2Λ
]3
[
z2
Alp
2~p2T
+ z
(
−1
2
Alp − Dl
~p2T
+
Elp
2~p2T
)
− 2(Dp −Dl)− El
~p2T
]
+
∫ ∞
~p2T
e−b˜z dz[
z + m˜2Λ
]3
[
z
Alp
2
− ~p2T
Alp
2
+Dl +
1
2
Elp
])
, (35)
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Figure 3: Left Panel: The unpolarized u- and d-quark distributions funtions versus x ompared to
the low sale parameterization of the unpolarized u- and d- quark distributions [60℄. Right Panel: The
half moment of the Sivers funtions and the unpolarized u and d distributions versus x ompared to
the low sale parameterization of the unpolarized u- and d- quark distributions (κ = 1.0).
where b˜ ≡ b/(1 − x). These integrals an be expressed in terms of inomplete Γ-funtions
Γ(n, x) ≡
∫ ∞
x
e−ttn−1dt. (36)
The Boer-Mulders funtion for an axial-vetor diquark then reads
h⊥,ax1 (x, ~p
2
T ) = −
eqedq
48(2π)4
N4ax
(1− x)3e−b˜~p2T−2b˜(xm2s−x(1−x)M2)
m4s
[
~p2T + m˜
2
Λ
]3 R⊥,ax1 (x, ~p2T ;Rg, κ, b˜,Λ, {M}) ,
(37)
where the expliit form of R⊥1 is expressed in term of inomplete Gamma funtions and an
be found in Appendix C.
The Boer Mulders-funtion for a salar diquark is muh easier to alulate [48℄ due to its
simpler Dira-trae struture. The light-one divergenes we have enountered in the axial-
vetor diquark setor do not appear for the salar setor. With our hoie of the form fator
(f. Eqs. (29) and (31)) the Boer-Mulders funtion for a salar diquark reads
h⊥,sc1 (x, ~p
2
T ) =
eqedq
4(2π)4
N4sc
(1− x)5M(xM +mq)
~p2T
[
~p2T + m˜
2
Λ
]3 e−b˜(~p2T+2xm2s−2x(1−x)M2) ×
[
b˜2
2
eb˜m˜
2
Λ(Γ(0, b˜m˜2Λ)− Γ(0, b˜(~p2T + m˜2Λ)) +
1− b˜m˜2Λ
2m˜4Λ
− 1− b˜
(
~p2T + m˜
2
Λ
)
2
(
~p2T + m˜
2
Λ
)2 e−b˜~p2T
]
. (38)
3.3 Sivers-funtion in the diquark spetator model
Having obtained the results for the Boer-Mulders funtion h⊥1 , it is straight-forward to apply
the proedure desribed above to alulate the Sivers-funtion f⊥1T . The Sivers-funtion an
be extrated from the following trae of the quark-quark orrelator (3) (see e.g. [30, 31℄),
2SiT ǫ
ij
T p
j
T f
⊥
1T (x, ~p
2
T ) =
M
2
∫
dp−
(
Tr
[
γ+Φ(p;P, ST )
]− Tr [γ+Φ(p;P,−ST )])
∣∣∣∣
p+=xP+
. (39)
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Figure 4: Top Panels: The half-moment of the Boer Mulders (left) and Sivers (right) funtions versus
x ompared to the unpolarized u- and d- quark distribution funtions. Bottom Panels: The half
moments of the Boer Mulders and Sivers funtions, κ = 1.0 lower-left, κ = −0.333 lower-right, versus
x, extrations from data were presented in Ref. [61, 62, 63, 64, 65℄ for the Sivers funtion.
It is well-known [48℄ that in the salar diquark spetator setor the Boer-Mulders funtion
and the Sivers funtion oinide, so the salar Sivers funtion is given by the left-hand side of
Eq. (38). By ontrast the dierent Dira struture for the hiral even Sivers funtion and hiral
odd Boer-Mulders funtion in the axial-vetor diquark setor, Eq. (21) and (22) respetively,
lead to dierent oeients in the deomposition N
(i)
α1...αi in Eq. (24). So, whereas the form
of the Sivers-funtion f⊥,ax1T is the same as the form of h
⊥,ax
1 given in Eq. (37), the oeients
Ap, Bp, Cp, Dp, Ep, Al, Bl, Cl, Dl, El, Alp, Blp, Elp dier. They are given for f
⊥,ax
1T expliitly
in the Appendix B.
4 Asymmetries in SIDIS
4.1 Azimuthal cos(2φ)-asymmetry in unpolarized SIDIS
Almost 30 years ago it was pointed out that both kinemati [66℄ and dynamial eets [67, 68℄
ould give rise to an cos 2φ azimuthal asymmetry going like p2T /Q
2
(where Q is a hard sale)
when transverse momentum sales are on the order of the intrinsi momentum sales of partons,
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Figure 5: The rst moment of the Boer-Mulders and Sivers funtions versus x for κ = 1.0.
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tion PT for HERMES
kinematis.
PT ∼ pT . However, when transverse momentum is on the order of the hard sale, PT ∼ Q,
these non-perturbative eets are expeted to derease relative to perturbative ontributions
[69, 70℄. By ontrast, taking into aount the existene of T-odd TMDs and fragmentation
funtions it was pointed out by Boer and Mulders [8℄ that at leading twist a onvolution of the
Boer-Mulders and the Collins funtions would give rise to non-trivial azimuthal asymmetries
in unpolarized SIDIS.
Having explored the avor dependene of the h⊥1 we are now in a position to extend
early phenomenologial work on T-odd ontributions to azimuthal asymmetries in SIDIS
performed under the approximation of salar diquark dominane[49℄. In partiular we onsider
the spin independent double T-odd cos 2φ asymmetry for π+ and π− prodution.
The general form of the ross setion for an unpolarized target reads [31℄
dσ
dx dy dz dφh dP
2
h⊥
≈ 2πα
2
xyQ2
[(
1− y + 1
2
y2
)
FUU,T + (1− y) FUU,L (40)
+(2− y) cos(φh)F cos φUU + (1− y) cos(2φh)F cos 2φhUU
]
,
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where the struture funtion F cos 2φhUU is of most interest for the purpose of this paper. At
leading twist it fatorizes into a onvolution of the Boer-Mulders and Collins fragmentation
funtion [16, 31℄
F cos 2φhUU = C
[
−2hˆ · kT hˆ · pT − kT · pT
MMh
h⊥1 H
⊥
1
]
, (41)
the onvolution integral C is given by
C[w f D] = x
∑
a
e2a
∫
d2pT d
2kT δ
(2)(pT −kT −P h⊥/z)w(pT ,kT ) fa(x, p2T )Da(z, k2T ), (42)
where summation runs over quarks and anti-quarks. pT , kT are the intrinsi transverse mo-
menta of the ative and fragmenting quarks respetively and P h is the transverse momentum of
the fragmenting hadron with respet to the photon momentum q. hˆ is dened as P h⊥/|P h⊥|.
We have xed most of the model parameters suh as masses and normalizations by om-
paring the model result for the unpolarized T-even PDF f1 for u- and d- quarks (Eqs. (9)
and (10)) to the leading order (LO) low-sale (µ2 = 0.26GeV) data parameterization of Glük,
Reya, and Vogt [60℄. Note that PDFs for u- and d- quarks are given by linear ombinations
of PDFs for an axial vetor and salar diquark, u = 32f
sc + 12f
ax
and d = fax [53, 41℄. The
best model approximation to the GRV data parameterization for u and d of [60℄ is shown in
Fig. 3, and orresponds to a set of parameters mq = 0 GeV, ms = 1.0 GeV, max = 1.3 GeV,
Λ = 1.3 GeV, M = 0.94 GeV − fixed, and Rg = 5/4. For T-odd PDFs suh a proedure
for xing the model parameters is not suient sine it doesn't determine the sign and the
strength of the nal state interations. In our ase the nal state interations are desribed
eetively in the one gluon exhange approximation by the produt edqeq , the harges of the
diquark and quark, respetively. We need to x the value of this produt. For that reason we
alulated the Sivers funtion for u- and d- quarks in the diquark model and ompared our
results in Fig. 3 for the one-half moment,
f
⊥(q,1/2)
1T (x) =
∫
d2pT
|~pT |
M
f
⊥(q)
1T (x, ~p
2
T ), (43)
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as well as the rst moment,
f
⊥(q,1)
1T (x) =
∫
d2pT
~p2T
2M2
f
⊥(q)
1T (x, ~p
2
T ), (44)
with the existing data parameterizations where q represents the quark avor (see Refs. [61,
62, 63, 64, 65℄). In suh a way we are able to x edqeq/4π = CFαs = 0.267
1
with olor
fator, CF = 4/3. We display the one-half and rst moments for u- and d- quark Sivers
funtions f
⊥(q)
1T and Boer-Mulders funtions h
⊥(q)
1 (where q = u, d) along with the unpolarized
u- and d- quark pdfs in Figs. 4 and 5. The one-half and rst moments of the u- and
d- quark Sivers funtions are negative and positive respetively while the u- and d- quark
Boer Mulders funtions are both negative over the full range in Bjorken-x. These results are
in agreement with the large Nc preditions [42℄, Bag Model results reported in [40℄, impat
parameter distortion piture of Burkardt [45℄ and reent studies of nuleon transverse spin
struture in lattie QCD [44℄.
2
Also, we explored the relative dependene of the d-quark
to u-quark Sivers funtion, see Fig. 4. For example, hoosing a value of κ = −0.333 as was
determined in Ref. [57℄ we nd the d quark Sivers is smaller than the u- quark. Choosing κ = 1
we nd reasonable agreement with extrations reported in [61℄. It is worth noting (see Fig. 4
) that the resulting u-quark Sivers funtion and Boer-Mulders funtion are nearly equal, even
with the inlusion of the axial vetor spetator diquark. An exat equality was rst noted in
the simpler salar di-quark dominane approximation in [48℄.
Our model input for the Collins funtions is based on very reent work in [71℄ where the
Collins funtion was alulated in the spetator framework. Therein it was assumed that
H
⊥(dis−fav)
1 ≈ −H⊥(fav)1 in the pion setor, thereby satisfying the Shaefer-Teryaev sum rule
[72℄ loally. We use those results along with the results of this paper for h⊥1 to estimate the
azimuthal asymmetry Acos 2φUU (f. Eq. (41)), where
Acos 2φUU ≡
∫
dΦ cos 2φ dσ∫
dΦ dσ
(45)
and dΦ is short-hand notation for the phase spae integration. In Fig. 6 we display the
Acos 2φUU (PT ) in the range of future JLAB kinematis [73℄ (0.08 < x < 0.7, 0.2 < y < 0.9,
0.3 < z < 0.8, Q2 > 1GeV/, and 1 < Eπ < 9 GeV) and HERMES kinematis [1℄ (0.23 <
x < 0.4, 0.1 < y < 0.85, 0.2 < z < 0.7, with Q2 > 1 GeV/, and 4.5 < Eπ < 13.5 GeV). In
Fig. 7 we display the x and z dependene in the range 0.5 < PT < 1.5 GeV/c. It should be
noted that this asymmetry was measured at HERA by ZEUS, but at very low x and very high
Q2 [35℄ where other QCD eets dominate. It was also measured at CERN by EMC [74℄, but
with low preision. Those data were approximated by Barone, Lu and Ma [75℄ in a u-quark
dominating model for h⊥1 , with a Gaussian, algebrai form and a Gaussian ansatz for the
Collins funtion. Our dynamial approah leads to dierent preditions for the forthoming
JLab data.
1
This is in agreement with the value αs used in [71℄ to explore the T-odd fragmentation funtions. It is
worth noting that the running oupling extrapolated to the low-sale µ2 in [60℄ is dierent than the oupling
that haraterizes the FSIs in the one gluon exhange approximation.
2
It is interesting to note the approximate agreement for the avor dependene of h⊥1 among suh models
probably arises beause our input quark and di-quark wave funtions share the same SU(4) avor-spin de-
pendene as the bag and other spetator models. Additionally SU(4) symmetri baryon wave funtions are
ompatible with large-Nc ounting rules.
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Figure 8: Left Panel: The half-moment of xh
⊥(1/2)
1L versus x ompared to the unpolarized u- and d-
quark distribution funtions. Right Panel: The sin 2φ asymmetry for π+ and π− as a funtion of x at
JLAB 12GeV kinematis.
4.2 Single spin asymmetry A
sin(2φ)
UL in SIDIS
Sine we have alulated the hiral-odd but T-even parton distribution h⊥1L (f. Eqs. (13),
(12)) we use this result together with the result of Ref. [71℄ for the Collins funtion to give
a predition for the sin(2φ) moment of the single spin asymmetry AUL for a longitudinally
polarized target. In partiular we are able to take into aount the avor dependene of the
asymmetry. We adopt the similar proedure for the azimuthal cos(2φ)-asymmetry for treating
the leading twist observable A
sin(2φ)
UL .
A deomposition into struture funtions of the ross setion of semi-inlusive DIS for a
longitudinally polarized target reads (see e.g. [31℄)
dσUL
dx dy dz dφh dP
2
h⊥
≈ 2πα
2
xyQ2
S‖
[
(1− y) sin(2φh)F sin(2φ)UL + (2− y)
√
1− y sin(φh)F sinφUL
]
,
(46)
where S‖ is the projetion of the spin vetor on the diretion of the virtual photon. In a
partoni piture the struture funtion F
sin(2φ)
UL is a leading twist objet (while F
sinφ
UL is sub-
leading) and given by a onvolution of the TMD h⊥1L and the Collins funtion (f. [31℄)
F
sin(2φ)
UL = C
[
− 2hˆ · kT hˆ · pT − kT · pT
MMh
h⊥1LH
⊥
1
]
, (47)
where the expliit form of the onvolution is given in Eq. (42).
We insert our result for h⊥1L (Eqs. (13), (12)) and the result of Ref. [71℄ into Eq. (47)
to ompute the single spin asymmetry. This is the rst alulation of this observable in the
spetator framework, whereas the part of F
sin(φ)
UL desribed by higher twist T-odd PDFs has
been analyzed in the diquark model in Refs. [25, 26, 28℄. Similar phenomenology for F
sin(2φ)
UL
and F
sin(φ)
UL has been performed in Refs. [76, 77℄ using the framework of the hiral quark soliton
model.
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We display the results for the single spin asymmetry A
sin(2φ)
UL in Fig. 8 using the kinematis
of the upoming JLab 12 GeV upgrade. We note that the π− asymmetry is large and positive
due to the model assumption H
⊥(dis−fav)
1 ≈ −H⊥(fav)1 . This asymmetry has been measured
at HERMES for longitudinally polarized protons [19℄ and deuterons [21℄. The data show that
for the proton target and HERMES 27.5 GeV kinematis both π+ and π− asymmetries are
onsistent with 0 down to a sensitivity of about 0.01. That is to say, these asymmetries ould
be non-zero, but with magnitudes less than 0.01 or 0.02. These results are onsiderably smaller
than our preditions for the JLab upgrade. For the deuteron target the results are onsistent
with 0 for π+ and π−. There is one π0 point at x ∼ 0.2 that ould be positive at about 0.03.
This SIDIS data for polarized deuterons ould reet the near anellation of u- and d-quark
h⊥1L funtions and/or the large unfavored Collins funtion ontributions. There is also CLAS
preliminary data [78℄ at 5.7 GeV that shows slightly negative asymmetries for π+ and π− and
leads to the extration of a negative xh
⊥(u)
1L . This suggests that the unfavored Collins funtion
(for d → π+) is not ontributing muh here, unlike the inferene from the HERMES data.
Data from the upgrade should help resolve these phenomenologial questions.
5 Conlusions
In this paper we performed alulations of transverse momentum dependent parton distri-
butions, inluding the Boer-Mulders funtion h⊥1 , the Sivers funtion f
⊥
1T , and h
⊥
1L in the
diquark spetator model taking into aount both axial-vetor and salar ontributions. The
alulation of these funtions in both setors allowed us to explore their avor dependene,
i.e. to ompute their u-quark and a d-quark ontributions. For T-even distributions like
h⊥1L, a non-trivial ontribution ould already have been obtained from a tree-level diagram.
By ontrast, nal state interations or, equivalently, ontributions from the gauge link had
to be taken into aount for the T-odd Boer-Mulders and Sivers funtions, requiring the
alulation of a loop (box) diagram. It was found that the loop integrals for f⊥1T and h
⊥
1 show
light one divergenes and UV divergenes in the axial-vetor diquark setor, in ontrast to
the salar diquark setor. We regularized these divergenes by hoosing spei types of the
phenomenologially motivated nuleon-diquark-quark form fators. By omparing the model
expression for the unpolarized parton distribution, f1, with the low sale parameterizations of
that funtion obtained from data, it is possible to x most of the parameters of the model,
masses, normalization and Rg, the ratio of axial diquark ouplings to the nuleon. In order
to x the sign and size of the nal state interations spei for T-odd distributions, we
alulated the Sivers funtion and ompared the result to parameterizations of SIDIS data
already determined in a global t for f⊥1T . In suh a way the remaining parameters ould be
xed, and preditions were presented for the avor dependene of the Boer-Mulders funtion
h⊥1 for a u-quark and a d-quark. We nd that the kT -half- and rst-moments of this funtion
are negative for both avors. This result is in ontrast to that in [41℄. Our sign result is in
agreement with other approahes that predit negative h
⊥(u)
1 and h
⊥(d)
1 .
We also note that the resulting u-quark Sivers funtion and Boer-Mulders funtion are
nearly equal, even with the inlusion of the axial vetor spetator diquark. This near equality
h⊥1 ∼ f⊥1T was obtained from models without axial di-quarks, hinting at some more general
mehanism that preserves the relation.
We used our result for h⊥1 as one ingredient in the fatorized formula for the azimuthal
17
asymmetry A
(cos(2φ))
UU in unpolarized semi-inlusive lepto-prodution of positively and nega-
tively harged pions. We also used our h⊥1L as an ingredient in the single-spin asymmetry
A
(sin(2φ))
UL for a longitudinally polarized target in semi-inlusive DIS. Another key ingredient
for determining suh asymmetries is the Collins fragmentation funtion H⊥1 . For this funtion
we used the most urrent expressions that were obtained in a similar spetator model.
We provide estimates for A
(cos(2φ))
UU and A
(sin(2φ))
UL . The latter has already been measured at
HERMES and preliminarily by CLAS. There are important dierenes in the kinemati regions
explored, but there remain disrepanies that may be resolved in the future at Jeerson Lab,
for whih our model gives striking preditions of relatively large asymmetries. The non-trivial
π− asymmetry is driven in large part by the model assumption H
⊥(dis−fav)
1 ≈ −H⊥(fav)1 in
the pion setor. We note that our result for A
(sin(2φ))
UL is the rst phenomenologial treatment
in the spetator framework of this observable.
The former unpolarized asymmetry, A
(cos(2φ))
UU , was measured at HERA, but for very small
x and extremely high Q2. Again, this will be measured in the future at JLab. We predit that
those results should orrespond to the opposite sign asymmetries for opposite harged pions.
In summary, a rened diquark spetator model, inluding axial vetor di-quarks leads to
both u- and d-quark T-odd TMDs and provides the ingredients for prediting a range of
asymmetries for future experiments. The approah we have been taking is to use and rene a
model for the soft regime that makes sense in QCD and an be applied broadly to a range of
measurable phenomena. We have xed the parameters in the model to approah the inferred
struture of the lowest order asymmetries. Combined with the reent determination of the
fragmentation funtions, we have predited new SIDIS results. The spirit of this work is to
understand the dynamis of proesses like SIDIS by rening a robust and exible model for
the T-odd funtions that ompares with existing data. While a global t to all the data
eventually an be performed, the underlying mehanism is likely to be revealed by honing in
on more sophistiated and inlusive models, as we have done here.
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A Appendix: Axial Diquark Contribution to Boer Mulders
Funtion
The oeients appearing in the alulation of the Boer Mulders funtion for the axial vetor
diquark (see text) read
Ap = (1− x)
[
(2Mmq + (2 −Rg)M2 +Rgm2q)(3 + 2κ) +Rgm2s(7 + 4κ)
]
, (48)
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Bp = (1 − x)
[
(2Mmq + (2−Rg)M2 +Rgm2q)(3 + 2κ) +Rgm2s(11 + 6κ)
]
, (49)
Cp = 2m
2
s(1− x)
[
2Mmq(−1 + 2x(2 + κ)) +Rg
(
m2s + 6~p
2
T (2 + κ) +m
2
q(3 + 2κ)
)
+M2 (−2 + 4x(2 + κ) +Rg(1− 2x(2 − x)(2 + κ)))
]
, (50)
Dp = 2m
2
s(1− x)
[
2Mmq(−1 + 2x(2 + κ)) +Rg
(
m2s + 2~p
2
T (2 + κ) +m
2
q(3 + 2κ)
)
+M2 (−2 + 4x(2 + κ) +Rg(1− 2x(2− x)(2 + κ)))
]
, (51)
Ep = 0, (52)
Al = −Rg(3 + 2κ)
2M
[
Rgmq(m
2
s − ~p2T ) +M2mq(2 −Rg)(1 − x)2 + x(1 − x)2RgM3
+M
(
(2−Rg)xm2s − ~p2T (2− xRg)
) ]
, (53)
Bl = − Rg
2M
[
(3 + 2κ)
[
M2mq(2−Rg)(1 − x)2 + x(1 − x)2RgM3
+mqRg
(
−~p2T +m2s
7 + 4κ
3 + 2κ
)]
+M
[−~p2T (2− xRg)(3 + 2κ) +m2s (4(2 + κ) + x(6 − 7Rg + 4κ(1−Rg)))] ], (54)
Cl = − 1
2M
[
(1− x)3(3 + 2κ)M4mq (−4 + (4−Rg)(1− x)Rg)
−(1− x)3x(3 + 2κ)M5Rg(2 − (1− x)Rg)
+mqR
2
g
(
8m2s~p
2
T (2 + κ) + (m
2
s − ~p2T )(m2s + ~p2T )(3 + 2κ)
)
+MRg
(
xm4s(2−Rg)(3 + 2κ)− ~p4T (2 − xRg)(3 + 2κ)
−2m2s~p2T (−17 + x+ 8xRg − 8κ+ 4xRgκ) + 2m2q(1− x)(m2s + (3 + 2κ)~p2T )
)
+2(1− x)M2mq
(
~p2T (3 + 2κ) (2 + (1− x)Rg(2 −Rg))
+m2s(4(2 + κ)− x(6 + 4κ))
)
+ 2(1− x)M3
(
−m2q(2−Rg)(1 − x)2(3 + 2κ)
+~p2T
(
2−Rg + x(1 − x)R2g
)
(3 + 2κ) + xm2s (2 +Rg(6− 7x+ 4κ(1− x))
))]
, (55)
Dl =
m2s
M
[
−mqR2g(m2s + ~p2T ) + (1− x)2M2mqRg(2−Rg)
+M3(1− x)2 (xR2g + 4(2 + κ)− 2Rg(1 + x)(2 + κ))
+MRg
(
m2s(2κ− x(2 −Rg + 2κ)) + ~p2T (x(4 +Rg + 2κ)− 2(3 + κ))
)]
, (56)
19
El =
m2s
M
[
−mqR2g(~p2T +m2s)2 +M4mq(1− x)3
(
− 4 + (1 − x)(4 −Rg)Rg
+8x(2 + κ)
)
− x(1 − x)3M5Rg (2− (1− x)Rg − 4x(2 + κ))
−2M2mq(1− x)
(
m2s (4 + (1− x)(2 −Rg)Rg − 2x(3 + 2κ))
+~p2T (−2− (1− x)(2 −Rg)Rg) + 4x(2 + κ))
)
+MRg
(
− x(2 −Rg)m4s + 2m2s~p2T (2κ− 1− x(1 −Rg + 2κ))
+2m2q(1− x)
(
m2s(1 + 2κ)− ~p2T (3 + 2κ)
)
+ ~p4T (x(8 + Rg + 4κ)− 2(5 + 2κ))
)
−2(1− x)M3
(
−m2q(1− x)2(2−Rg)(3 + 2κ)
+xm2s (6− 8x+Rg(−2 +Rg + 3x− xRg)− 2xκ(2−Rg))
+~p2T
(
− x(1 − x)R2g +Rg (5 + 2κ− 4x(2 + κ)) + 2(−5− 2κ+ 4x(2 + κ))
))]
, (57)
Alp = Blp = −4Rgm2s(1− x)(2 + κ), (58)
Elp = 4(1− x)m2s
(
2Mmq(1− x)(2 + κ) +M2(1 − x)(2 −Rg(1− x))(2 + κ)
+Rg
(
κm2s − ~p2T (2 + κ)
) )
. (59)
B Axial Diquark Contribution to Sivers Funtion
For the Sivers funtion the orresponding oeients read
ASiv.p = −(1− x)(3 + 2κ)
(
2Mmq + (2 −Rg)M2 +Rgm2q +Rgm2s
7 + 4κ
3 + 2κ
)
, (60)
BSiv.p = −(1− x)(3 + 2κ)
(
2Mmq + (2−Rg)M2 +Rgm2q +Rgm2s
11 + 6κ
3 + 2κ
)
, (61)
CSiv.p = −2(1− x)m2s
[
2Mmq(−1 + 2x(2 + κ)) +Rg
(
m2s + 6~p
2
T (2 + κ) +m
2
q(3 + 2κ)
)
+M2 (−2 + 4x(2 + κ) +Rg (1− 2x(2− x)(2 + κ)))
]
, (62)
DSiv.p = −2(1− x)m2s
[
2Mmq(−1 + 2x(2 + κ)) +Rg
(
m2s + 2~p
2
T (2 + κ) +m
2
q(3 + 2κ)
)
+M2 (−2 + 4x(2 + κ) +Rg (1− 2x(2 − x)(2 + κ)))
]
, (63)
ESiv.p = 0, (64)
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ASiv.l =
3 + 2κ
2M
Rg
[
Rgmq(m
2
s − ~p2T ) +M2mq(2 −Rg)(1 − x)2 + x(1 − x)2RgM3
+M
(
xm2s(2−Rg)− ~p2T (2− xRg)
) ]
, (65)
BSiv.l =
Rg
2M
[
(3 + 2κ)
(
M2mq(2 −Rg)(1 − x)2 +M3Rgx(1− x)2
+mqRg
(
−~p2T +m2s
7 + 4κ
3 + 2κ
)
−M~p2T (2− xRg)
)
+Mm2s (4(2 + κ) + x (6− 7Rg + 4κ(1−Rg)))
]
, (66)
CSiv.l =
1
2M
[
− (1− x)3M4mq(4 − (4−Rg)Rg(1− x))(3 + 2κ)
−x(1− x)3M5Rg(2− (1− x)Rg)(3 + 2κ)
+mqR
2
g
(
8m2s~p
2
T (2 + κ) + (m
2
s − ~p2T )(m2s + ~p2T )(3 + 2κ)
)
+MRg
(
xm4s(2 −Rg)(3 + 2κ)− ~p4T (2− xRg)(3 + 2κ)
+2m2s~p
2
T (17− x− 8xRg + 8κ− 4xRgκ) + 2m2q(1 − x)(m2s + ~p2T (3 + 2κ))
)
−2M2mq(1 − x)
(− ~p2T (2 + (2−Rg)Rg(1− x))(3 + 2κ)
−m2s(4(2 + κ)− x(6 + 4κ))
)
+ 2M3(1− x)(−m2q(2 −Rg)(1 − x)2(3 + 2κ)
+~p2T
(
2−Rg + x(1 − x)R2g
)
(3 + 2κ) + xm2s (2 +Rg(6− 7x+ 4κ(1− x)))
)]
, (67)
DSiv.l = −
m2s
M
[
−mqR2g(m2s + ~p2T ) +mqM2(1− x)2Rg(2−Rg)
+(1− x)2M3 (xR2g + 4(2 + κ)− 2Rg(1 + x)(2 + κ))
+MRg
(
m2s(x(−2 +Rg − 2κ) + 2κ) + ~p2T (−2(3 + κ) + x(4 +Rg + 2κ))
) ]
, (68)
ESiv.l = −
m2s
M
[
−mq
(
m2s + ~p
2
T
)2
R2g
+M4mq(1− x)3 (−4 + (4−Rg)Rg(1− x) + 8x(2 + κ))
−M5Rgx(1 − x)3 (2− (1− x)Rg − 4x(2 + κ))
+2M2mq(1− x)
(
~p2T (2 + (2−Rg)Rg(1 − x)− 4x(2 + κ))
+m2s(2x+ 4xκ− (2−Rg)Rg(1− x))
)
+MRr
(
− xm4s(2−Rg) + 2m2s~p2T (2κ− 1− x(1 −Rg + 2κ))
+2m2q(1 − x)
(
m2s(1 + 2κ)− ~p2T (3 + 2κ)
)
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+~p4T (−2(5 + 2κ) + x(8 +Rg + 4κ))
)
−2M3(1− x)
(
−m2q(2 −Rg)(1 − x)2(3 + 2κ)
+xm2s (2− 4x−Rg(2−Rg − 3x+ xRg)− 2(2−Rg)xκ)
+~p2T
(−x(1− x)R2g +Rg(5 + 2κ− 4x(2 + κ))− 2(5 + 2κ− 4x(2 + κ)) )
]
, (69)
ASiv.lk = B
Siv.
lk = E
Siv.
lk = 0. (70)
C R-funtions
The R-funtions appearing in the text are dened in the following. The R-funtion for the
unpolarized PDF f1 for an axial vetor diquark reads
Rax1
(
x, ~p2T ;Rg, {M}
)
(71)
= M2
[
(~p2T )
2 + 2(1− x(1 − x))m2s~p2T + x2m4s + 6x(1− x)2mqMm2s
+(1− x)2M2(~p2T + 2x2m2s + (1− x)2m2q) +m2q(1− x)2(~p2T + 2m2s)
]
+Rg
[
M2
(
− (~p2T )2 − x2m4s + (1− (4 − x)x)m2s~p2T
−(1− x)2m2q(~p2T −m2s)−M2(1− x)2(~p2T − x2m2s + (1− x)2m2q
)
+mqM
(
x(~p2T +m
2
s)
2 + 2x(1− x)2M2(~p2T −m2s + x(1 − x)4M2)
) ]
+R2g
[
1
4
(
~p2T + (ms − (1− x)M)2
) (
~p2T + (xM −mq)2
)
(
~p2T + (ms + (1 − x)M)2
) ]
. (72)
The orresponding R-funtion for h⊥,ax1L reads
R⊥,ax1L
(
x, ~p2T ;Rg, {M}
)
(73)
= −mqR2g(m2s + ~p2T )2 + 2mqM2(1− x)
(
~p2T [2 +Rg(1 − x)(2 −Rg)
+m2s [2(2− x)−Rg(1− x)(2 −Rg)]
)
−M4mq(1 − x)3 [4− (4 −Rg)Rg(1 − x)]− x(1 − x)3M5Rg(2− (1 − x)Rg)
+MRg(m
2
s + ~p
2
T )
[
2(1− x)m2q − xm2s(2−Rg)− ~p2T (2 − xRg)
]
+2(1− x)M3
(
−m2q(1 − x)2(2−Rg) + xm2s(2 +Rg(2− (1− x)Rg − 3x))
+~p2T (2−Rg + x(1 − x)R2g
)
. (74)
The R-funtion for the T-odd funtions h⊥1 and f⊥1T is more ompliated and ontains in-
omplete Gamma funtions (see text) with a ≡ b˜m˜2Λ, c ≡ b˜(~p2T + m˜2Λ), d ≡ b˜~p2T ,
R⊥,ax1
(
x, ~p2T ;Rg, κ, b˜,Λ, {M}
)
(75)
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= R⊥,ax1T
(
x, ~p2T ;Rg, κ, b˜,Λ, {M}
)
= (Ap − 2Al +Bl)
[
−b˜ea(1 + a
2
)Γ(0, a) +
b˜
2
1 + a
a
]
+
(
~p2T [Ap −Al − 2(Bp −Bl)] + Cp − Cl
) [ b˜2
2
eaΓ(0, a) + b˜2
1− a
2a2
]
+
Alp
2~p2T
[
(1 + 2a+
a2
2
)ea (Γ(0, a)− Γ(0, c))− 3 + a
2
− e−d a
2(1− c)− 4ac
2c2
]
+
(
−Alp
2
− Dl
~p2T
+
Elp
2~p2T
)
×[
−b˜ea(1 + a
2
)(Γ(0, a)− Γ(0, c)) + b˜
2
1 + a
a
− b˜
2c2
e−d(2c− a(1− c))
]
+
(
−2(Dp −Dl)− El
~p2T
)[
b˜2
2
ea(Γ(0, a)− Γ(0, c)) + b˜2 1− a
2a2
− b˜2 1− c
2c2
e−d
]
+
Alp
2
[
−b˜ea(1 + a
2
)Γ(0, c) +
b˜
2c2
(2c− a(1− c))e−d
]
+
(
−~p2T
Alp
2
+Dl +
1
2
Elp
)[
b˜2
2
eaΓ(0, c) + b˜2
1− c
2c2
e−d
]
. (76)
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